This paper proposes a method for chicken tissues preparation using tetramethylammonium hydroxide (TMAH) for Pb determination by graphite furnace atomic absorption spectrometry employing multivariate approaches. Combining Raman spectroscopy with scanning electron microscopy coupled to energy-dispersive X-ray spectroscopy to monitor the solubilization process it was possible to show that TMAH acts in the solubilization of proteins, amino acids and lipids. Besides, this investigation showed that the small residual masses of samples have organic and inorganic compounds. Accuracy tests indicated that such residues have not interfered in the analytical results (recovery between 90-95%). The obtained limits of detection (0.099 µg g -1 ) and quantification (0.33 µg g -1 ) are compatible with the detectability required for regulatory purposes. Linearity (R 2 = 0.9925) and characteristic mass (13 pg) were also reported. Considering the set of 15 samples comercialized in Brazil, any Pb contamination was successfully observed and this was confirmed by the analysis of digested samples.
Introduction
World Health Organization 1 recognizes lead (Pb) as one of the most dangerous metallic species for health. This element has no essential functions for living beings, especially mammals, and tends to accumulate in bones causing a series of irreversible biochemical changes. The main health disorders caused by Pb poisoning are cognitive problems in children, decreased fertility in men, and reduced kidney functions. 1, 2 According to the literature, Pb poisoning occurs primarily due to environmental contamination and ingestion of contaminated food and water. In Brazil, the Brazilian Health Regulatory Agency (ANVISA) provides the maximum tolerance for Pb in some foods. For chicken meat and viscera, the limits are 100 and 500 µg kg -1 , respectively. 3 These values are in agreement with those regulated by both European Community 4 and Mercosur. 5 For the spectrometric determination of trace elements such as Pb in solid samples, it is usually necessary to perform a matrix dissolution step prior to analysis. This is conventionally achieved by dry ash or acid digestions (using hot plates or microwave systems) leading to total sample decomposition. Although such conventional digestion procedures have been widely used in routines, these procedures can be long and the samples manipulation favors analyte loss and/or sample contamination. 6 In this sense, there is a search for sample preparation procedures involving minimum sample handling, avoiding analyte loss and sample contamination.
Alternative methods for acid digestions were carried out using different extraction and solubilization procedures, which can be applied as adequate sample preparation especially for trace and speciation analysis. Different species of arsenic (inorganic, methylarsonic acid, dimethylarsinic acid and arsenobetaine) were determined in fish-based baby food using suspensions prepared in tetramethylammonium hydroxide (TMAH) solution and determinations by electrothermal atomic absorption spectrometry (ET AAS) by standard additions method. The obtained limits of detection (LOD) were quite satisfactory and the method showed to be appropriate for rapid determinations, avoiding extraction processes and/or chromatographic separations. 7 In another work, an ultrasound assisted extraction, using solutions of TMAH, was utilized for the speciation analysis of mercury (inorganic and methyl mercury) in fish and plant tissues, with detection by cold vapor atomic absorption spectrometry (CV AAS). The method was validated by using a certified reference material and showed good detectability. 8 In this context, the alkaline reagent TMAH was used in this work due to its property to dissolve protein samples, which are usually poorly soluble in water. 9 Several studies using TMAH have been reported to prepare biological samples such as hair, 10 nails 11 and animal tissues. [12] [13] [14] [15] [16] [17] [18] In general, the results have shown a reduction in the sample preparation time, good stability for the obtained sample solution/suspension and a full or partial dissolution of the sample in aqueous medium. 9 However, the ideal conditions for TMAH use, like extraction time and solution volume, as well the chemical mechanisms of the reagent action are poorly understood.
In order to study the sample solubilization with TMAH, Raman spectroscopy has been used. This spectroscopic technique is based on the inelastic scattering of electromagnetic radiation that interacts differently with different molecules. Specifically for Fourier transform (FT)-Raman spectroscopy, monochromatic near-infrared light is scattered with a different frequency from the incident radiation and samples spectrum can be obtained and compared. Importantly, the frequency variation corresponds to the energy difference between two vibrational states of the molecule, and may be assigned to functional groups. 19 In addition, Raman spectroscopy is a versatile and rapid technique, which makes possible the simultaneous determination of more than one component, without the need for samples pre-treatment step so that there is no generation of toxic waste products. Therefore, it offers analytical opportunities for many areas of production, quality inspection and control, including food industry. [19] [20] [21] [22] Lopez-Diez et al. 21 proposed a method to evaluate the potential of Raman spectroscopy allied to chemometrics to detect adulterations in olive oil by very closely related oils.
The levels of hazelnut oils used to adulterate extra virgin olive oil were successfully quantified using partial least squares and genetic programming. Goodacre et al. 22 also used this combination for differentiating honey samples according to their geographical and botanical origin.
The chemometric clustering method indicated that the major differences between the honeys were due to their botanical origin rather than the culture region. Another interesting study 19 that also employed chemometric methods combined to FT-Raman spectroscopy verified the adulteration of milk powder samples, commercialized in Brazil, by starch additions.
Aiming to generate useful information on food contamination, this work describes an analytical method for the determination of Pb in different tissues of visceral parts of chicken, which is one of the main protein sources for human nutrition. For this purpose, the graphite furnace atomic absorption spectrometry (GF AAS) was selected as an adequate analytical technique due to high sensitivity and compatibility with complex samples such as solubilized extracts. For the samples solubilization, TMAH was used and the Raman spectroscopy was employed as a tool to monitor the solubilization of the samples studied.
Experimental

Apparatus and reagents
All materials were washed in neutral soap, soaked in 10% (v/v) nitric acid for 24 h and then washed with deionized water prior to use. Deionized water was obtained with a Milli-Q System (Millipore, Bedford, MA, USA).
A 1000 µg mL For alkaline sample solubilization, 25% (v/v) tetramethylammonium hydroxide (TMAH, Sigma-Aldrich, St. Louis, MO, USA) was used. A microwave oven from Berghof (model Speed Wave Four) was used for the acid sample digestion employing nitric acid (reference method).
A Thermo Scientific atomic absorption spectrometer, model SOLAAR M5 (Waltham, MA, USA) equipped with deuterium background corrector, conventional graphite furnace with longitudinal heating (HGA) was used for all Pb determinations. A Pb hollow cathode lamp was used as radiation source (217.0 nm) with bandpass of 0.5 nm. The measurements were made by integrated absorbance units. The inert gas employed was pure argon at flow rate of 200 mL min -1 (except during atomization step). The FT-Raman spectra were collected on an FT-Raman spectrometer, model RFS-100/S from Bruker Optics, using 1064 nm wavelength for excitation (Nd:YAG laser Coherent Compass 1064-500N) and a Ge detector. Scanning electron microscopy (SEM) images of solubilization residues have been done at a tabletop Hitachi TM 3000 instrument featuring improved electron optics, higher magnification, and built-in image processing to further enhance image quality and resolution at lower accelerating voltage; working in 5 or 15 kV, and magnification from 15× to 30,000×. Energy dispersive X-ray spectrophotometer Quantax 70 EDX from Bruker has also been used with light element detection from boron upwards, with available linescan, mapping and multiple point analysis at the sample.
Samples acquirement and instrumental conditions
Edible samples of tissues of visceral parts of chicken were purchased from a local market. The visceral samples were heart, liver and gizzard tissues. An amount of 5 different samples (ca. 250 g each) of each tissue were collected and analyzed.
The samples were grounded in a domestic knife mill and dried in a vacuum oven at 70 ± 1 °C for 72 h. Then, the samples were milled again, placed in plastic flasks and stored in room temperature (25 °C 3 ) was properly employed. Besides that, the analytical performance for both conventional and pyrolytic graphite tubes in both media (acid and alkaline) was evaluated by comparing some figures of merit.
The Raman spectra of samples were collected before and after alkaline sample preparation. Before alkaline solubilization, Raman spectra were recorded with laser power of 100 mW focused on the dried and milled test samples (one test sample for each sample kind). For each spectrum, an average of 1024 scans (ca. 25 min) was collected with a resolution of 4 cm −1 over the range between 3500 and 500 cm −1 . After alkaline solubilization, a small amount of suspended material was observed and the extracts of each test sample were filtered through a teflon (PTFE) Millipore membrane (0.22 µm). Then, the residue of filtration was collected and Raman spectra were obtained with laser power of 10 mW focused on the residues. In this case, an average of 1024 scans was collected using the same experimental conditions.
In association to Raman spectroscopy, the scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS) technique was used to evaluate such residues composition, providing information about inorganic species.
GRAMS AI32 and Origin Pro 8 software were used for baseline correction, sum and normalization for the most intense band of each spectrum. These parameters were selected in order to obtain the best signal-to-noise ratio while the physical and chemical integrity of the samples was maintained. The software OPUS 6.0 (Bruker Optik, Ettlingen, Germany) was used for Raman data acquisition.
Figures of merit
In the absence of a certified reference material for visceral parts of chicken tissues, we resorted to addition and recovery experiments to estimate the accuracy of the developed method according to International Union of Pure and Applied Chemistry (IUPAC) recommendations. 23 The spiking levels were selected at two concentrations, 5.0 and 30 µg L -1 , low and high levels selected based on the calibration range. Besides, all the Pb additions were made before the sample preparation.
The results were also compared with the ones obtained when a complete digestion was carried out, which was referred to as reference method. Precision was assessed by monitoring the relative standard deviation (RSD). The limits of detection (LOD) and quantification (LOQ) were also calculated as the IUPAC 24 recommendations. For the external calibration curve: LOD = 3sB/S and LOQ = 10sB/S, where sB is the standard deviation of 10 consecutive measurements of the digestion blank and S is the slope of the respective analytical curve. Besides, the linear working range and linearity were also determined using parametric statistical tools.
On the other hand, in order to provide a measure for the sensitivity of the analyte under selected conditions, the characteristic mass (m 0 ) approach was performed. This parameter is the mass of analyte necessary to generate 1% of absorption (absorbance signal = 0.0044). This mass was calculated for both media using equation 1, where V S is the sample volume introduced into the graphite furnace (30 µL) and b corresponds to the slope of the used analytical curve. 25 (1)
Sample treatment Acid digestion (reference method)
Usually, the complete digestion is performed using concentrated or diluted nitric acid (HNO 3 ) and/or hydrogen peroxide. [26] [27] [28] [29] [30] [31] [32] In the present work, the complete digestion of chicken tissue samples was employed as a reference method. Briefly, ca. 0.25 g of dried chicken tissues was mixed with 5.00 mL of 7.00 mol L -1 HNO 3 directly in PTFE vessels, and left for 30 min in predigestion. A blank solution was prepared using the same reagents and experimental conditions applied to the samples. After that, the vessels were closed and the samples were digested in microwave oven under the conditions shown in Table 1 .
Clear solutions were obtained and seemed to be appropriate for subsequent analyzes. Next, the samples were transferred quantitatively to graduate weighed polypropylene tubes, diluted to 25 mL with deionized water, weighed again and then analyzed following the conditions shown in Table 2 .
Alkaline solubilization
In preliminary tests, the Pb signal obtained was lower than instrumental limit of detection. To overcome that limitation, we resorted to a dry sample of a male rat liver of Wistar Hanover, which already contained Pb. This sample was utilized as a model to optimize the sample preparation because it was from an animal whose tissues already contained the analyte of interest. This sample was previously generated in a previous study, regarding Pb toxicology in rats. 16 To optimize the alkaline sample preparation, the variables solubilization time (hours), X 1 and TMAH volume (mL), X 2 , were evaluated by means of a 2 2 composite central design (CCD), that is, a two-level factorial design including 4 experiments in axial conditions and 3 repetitions in central point. 33, 34 Thus, the sample mass was fixed at 0.25 g and a total of 11 random experiments were performed and the response data were processed using the software Microsoft Excel 2010. The codified matrix containing factors, experimental levels and the response data obtained by Pb concentration (µg g , by each experiment, are given in Table 3 . Using a fitted full quadratic model (equation 2), a response surface regression analysis using coded units was performed for each response factor.
(2) It should be mentioned that after alkaline solubilization, the sample solutions presented a brownish-yellow color and a little amount of foam (observed after shaking), which disappeared completely after a few minutes (3 min in general). The solubilized samples were transferred quantitatively to graduated polypropylene tubes (previously weighed), diluted to 25 mL with deionized water, weighed again and then stored under ambient temperature until the analysis. A blank solution was prepared using the same experimental conditions applied to the samples. The Pb content in the samples was quantified approximately 12 h after preparation, using the conditions shown in Table 2 .
Results and Discussion
GF AAS optimization
The pyrolysis and atomization curves obtained for the Pb determination are shown in Figures 1 and 2 , respectively, in both acid (reference) and alkaline (proposed) media. The optimal conditions were selected by comparing the integrated absorbance and the heating program employed for the GF AAS analysis are shown in Table 2 . For acid medium, 1000 °C was selected for the pyrolysis, since this temperature presented the highest integrated absorbance. Consequently, the atomization curve was obtained after fixing the pyrolysis temperature at 1000 °C. In this case, the optimum atomization temperature was determined as 1500 °C. For alkaline medium the same procedure was adopted and the selected pyrolysis and atomization temperatures were 800 and 2000 °C, respectively.
Alkaline solubilization
Alternative methods for sample preparation that involve the minimum sample handling as well as reduction in time and/or reagents consumption, which result in reduction of analyte loss or sample contamination are being preferred. 9, 16 In this work, the alkaline solubilization attends the above advantages and so the extraction conditions were studied.
As mentioned previously, a dry liver sample of a male rat was employed as a sample model for the alkaline solubilization studies. 16 This sample was chosen for containing the analyte of interest and to be a tissue relatively similar to the actual samples. Table 4 shows the calculated values for coefficients and p-values (p-value is the probability of the null hypothesis). Using α = 0.05, a factor is considered to affect the response if the coefficients differ significantly from zero and p-value < 0.05. In the present case, calculated p-values indicated that the investigated variables presented no statistically significant effect on the response (p-value > 0.05) within the investigated level range. 33 Moreover, the fit model was evaluated (analysis of variance (ANOVA) test) and the result found indicated that no evidence of lack of fitting was observed within 95% confidence interval (p-value = 0.09, higher than 0.05).
Considering the response obtained in Table 3 , it would be important to highlight that the results observed by 2 2 CCD design indicated no obvious behavior. For instance, when the TMAH volume level was maintained fixed in level −1, which means 1.25 mL of TMAH solution, and the time was changed in the range from 6 to 10 h (taking into account issues 1 to 3), the amount of Pb in average decreased from 39.4 to 30.3 µg g -1
. Similar behavior was also observed when the TMAH volume was maintained fixed in level 0 (1.75 mL TMAH solution), and the time changed in the range from 4 to 12 h (taking into account issues 11 to 9), the amount of Pb in average increased from 27.2 to 32.9 µg g -1 . On the other hand, in univariate approaches, usually the amount of extracted Pb only increases if the extraction time increases. On the other hand, when the TMAH level is maintained fixed in level +1 (2.25 mL of TMAH solution), and the time change in the range from 6 to 10 h (taking into account issues 2 to 4) the amount of Pb in average increases from 29.2 to 39.3 µg g -1 , which is in accord to the expected behavior. The increases of response of Pb amount from 31.6 to 49.2 µg g -1 has been verified for TMAH volume changes from level −2 (0.75 mL) to +2 (2.75 mL) and extraction time was fixed in level 0 (8 h). Finally, it should be noticed that the amount of extracted Pb did not increase only by increasing the extraction time, so that it was observed a dependence on parameters combination.
It was verified no evidence of lack of fit in 95% interval, and the response surface plotted in Figure 3 indicates that the maximum Pb content in liver rats was extracted using 1.75 mL of TMAH (25% m/v) and 8 h of solubilization (maximum point). Considering that the main constituents of both rat and chicken tissues are animal proteins, this optimal condition was applied to extract the Pb content in chicken tissues. For this purpose, the optimized instrumental parameters were utilized and the composite samples were first analyzed in order to evaluate some figures of merit.
Figures of merit
For both sample preparation methods, accuracy was estimated by addition and recovery experiments as shown in Table 5 . The obtained results were between 90 ± 1 and 105 ± 1% for complete digestion and from 90 ± 2 to 95 ± 3% for alkaline solubilization, which shows a good recovery 35 for Pb determination for both methods. The precision of the methods was evaluated by the obtained RSD, which presented values below 10%.
The other figures of merit were summarized in Table 6 . For both preparation methods, linearity was obtained for the same work range: 5.0 and 40 µg L -1 Pb, using external calibration curves with standard solutions prepared separately in both media (0.2% (v/v) HNO 3 or 1.75% (v/v) TMAH), according to the case. The limits of detection (LOD) and quantification (LOQ) obtained for the methods were 0.10 and 0.32 µg g -1 for complete digestion and 0.10 and 0.33 µg g -1 for alkaline solubilization, respectively. Comparing the two methods, no significant difference was observed for the limits of detection and quantification, indicating that the solubilization of chicken tissues with TMAH can be used without detection loss.
As shown in Table 6 , the characteristic mass calculated for Pb in acid and alkaline media was 10 and 13 pg, respectively. The small difference between these values suggests a similar sensitivity for the determination of Pb in both studied conditions. Besides, these values are in good agreement with the values reported (characteristic mass between 14.2 and 45.8 pg) for Pb determination in biological samples, using coated graphite tubes and others chemical modifiers. 36 However, it is important to emphasize that in the present study the conventional graphite tube was employed, to which the TMAH medium seems to be very suitable.
Considerations for routine analysis
In the present study, it has been demonstrated the potential of alkaline solubilization for the sample preparation of edible parts of chicken over traditional acid digestion. The method employing TMAH was optimized with satisfactory efficiency and accuracy and it is suitable for routine analysis, since it would be possible to prepare samples in sequential batches, with low manipulation (single bottle) and, consequently, low contamination. Besides, the use of a single bottle allows the analyst to employ different sample dilutions to improve the detection of the method, if necessary. Besides that, the sample preparation is carried out at room temperature, without application of energy for heating.
On the other hand, in order to evaluate the performance of conventional and pyrolytic graphite furnaces to Pb quantification in edible parts of chicken, some figures of merit were obtained and presented in Table 7 .
As shown in Table 7 , the conventional graphite tube presented higher sensitivity and lower LOD and LOQ for both studied media (and most importantly for the alkaline medium) than the pyrolytic graphite furnace. The results demonstrate that conventional graphite furnace, normally less expensive than pyrolytic ones, can be used for Pb determinations in these edible samples until 900 burning cycles with no detection level reduction, under the presented studied conditions. All the above results show that the method could be applied not only by academic researchers but also in routine analysis due to the reduced costs of each analysis.
Raman spectroscopy data Figure 4 shows the FT-Raman spectra obtained for raw dried chicken cuts before alkaline treatment. It may be noticed that samples from different tissues have differences in the spectral profile, justified by differences in their chemical composition. Table 8 shows the main vibrational bands observed at chicken tissues Raman spectra before and after alkaline solubilization and their tentative assignments to vibrational modes and tissue component, based on comparisons with previously published data. Figure 5 shows the Raman spectra of chicken tissues before the solubilization and the residues obtained after alkaline treatment.
Comparing the Raman spectra of chicken tissues samples before and after alkaline treatment in Figure 5 , it can be noticed that TMAH seems to act on solubilization following a similar mechanism for all viscera investigated in this study, with small differences. In general, the spectra profile of the three different samples is similar comparing the existent bands (before or after the solubilization procedure). Specifically, the main vibrational bands observed are related to lipids, proteins and amino acids (such as arginine, phenylalanine, tryptophan and tyrosine). 37, 38 On the other hand, it was obtained a significant decrease in the Raman intensity of these vibrational modes, when comparing spectra profile after the treatment (less intense) with the one obtained before.
Regarding the small differences found in the TMAH action, the bands in the range 3035-3052 cm -1 , assigned to symmetric stretch of (=CH) groups, related to vibrational modes of proteins, cannot be observed in Raman spectra of the liver sample residue. 37 This indicated that alkaline treatment was more effective for proteins for the liver sample solubilization when compared with other chicken tissues.
For the heart sample residue, the bands at 1130 and 1005 cm -1 , assigned to arginine and phenylalanine vibrational modes, cannot be observed after solubilization process. The same behavior was observed for the vibrational band at 756 cm -1 attributed to stretching of tyrosine ring for the gizzard sample residue. 38 The aforementioned studies have shown that TMAH acts mainly in solubilization of proteins, as was expected based on the literature. 9 However, the changes observed in the Raman profile spectra with the alkaline treatment of the tissue samples compared to raw ones, indicated that this reagent can also act over other kinds of organic compounds, such as lipids. These results indicate that this type of sample preparation could be applied for the determination of metals bound preferentially to these compounds, in addition to proteins. In other words, the Raman spectroscopy data analysis explains why TMAH is so efficient for sample preparation prior to metals analysis in different matrices. 
SEM-EDS results
Although the residues masses of chicken tissues alkaline solubilization were below 1% m/m of the total sample mass, indicating the solubilization was almost complete, it was necessary to understand not only its composition but also to verify if any analyte (Pb) would be present within the residue after the sample treatment.
In this sense, the scanning electron microscopy coupled to SEM-EDS was used to elucidate the inorganic composition of these residues. This approach is usually performed in studies related to morphology and elemental analysis of surface materials 39 and was employed in this study due to the facility of carrying out elemental analysis of small sample amounts without sample preparation.
Qualitatively, the following elements were detected with good reliability: C, Mg, Al, P and Ca. Thus, comparing these results with Raman spectroscopy data, it can be concluded that the C in the residues correspond to organic compounds, mainly lipids, since most of the vibrational modes observed in Raman spectra were attributed to these compounds. In other hand, the remaining detected elements may be in the form of mineral salts or hydroxides due to the high sample pH provided by TMAH. Besides, no micro constituents such as Fe, Cu and Zn and neither other trace contaminants were detected. These results show that the developed method of sample preparation using TMAH is appropriate to determine not only Pb but can be applied to elements not detected in the residues (Fe, Cu and Zn).
Conclusions
In this work, an analytical procedure for sample preparation using an alkaline reagent and the concept of the use of single bottle was investigated for the analysis of edible chicken tissues by GF AAS. The analyte investigated was Pb, but other contaminants could be, probably, determined employing the same sample preparation. The method allowed the solubilization of different chicken tissues and the analysis presented good accuracy and precision.
The method was applied to 15 unknown samples and the obtained results indicated that there is no detectable Pb in the chicken tissues evaluated in this work. The above result is diverse from the ones reported in studies abroad Brazil, but very good from the point of view of food security. Besides, the method developed proposes the use of conventional graphite tubes with an analytical performance comparable to the pyrolytic ones. This information brings an additional advantage for routine analysis since it can diminish the analysis costs.
It was demonstrated the potential of Raman spectroscopy as a monitoring tool for alternative sample preparations. The technique presented adequate sensitivity to differentiate the chicken tissues before and after treatment. The Raman spectroscopy results showed that TMAH acts on proteins but also on other organic compounds, bringing new data on the solubilization mechanisms by this reagent.
Finally, the small mass of sample residue (< 1% m/m) that remains in suspension, after sample solution homogenization, has both organic and inorganic compounds and its composition may not interfere in the analytical results.
Supplementary Information
Supplementary data are available free of charge at http://jbcs.sbq.org.br as PDF file.
